Abstract Water-deficit irrigation to grapevines reduces plant growth, yield, and berry growth, altering the ripening process, all of which may influence fruit composition and wine quality. Therefore, the goals of this study were (1) to investigate the influence of the main endogenous berry hormones, abscisic acid (ABA), indole-3-acetic acid (IAA), salicylic acid (SA), and jasmonic acid (JA), on berry growth and ripening under water-deficit conditions and (2) to analyze changes in fruit composition, specifically N compounds, under water deprivation. The study was carried out using container-grown Tempranillo grapevines grown under controlled conditions in a greenhouse. Two irrigation treatments were imposed: control (well-watered) and sustained deficit irrigation (SDI). Water deficit decreased leaf area and the source-to-sink ratio, reduced yield and berry size, and decreased concentrations of the main phenolic compounds. SDI also modified berry hormonal status. At the pea-size stage, SDI berries had lower IAA and higher JA and SA than nonstressed berries. At veraison (onset of ripening), accumulation of ABA was less accentuated in SDI than in control berries. At harvest, the content of amino acids and free ammonium was low in both treatments but SDI-treated berries showed a significant accumulation of amines. Results suggest that water restrictions to grapevines might be playing a physiological role in reducing berry growth through affecting hormone dynamics, phenolic synthesis, and the berry amino acid content and composition, which could compromise fruit quality. Possible roles of endogenous IAA controlling berry size and endogenous ABA and SA controlling levels of anthocyanins and flavonols at harvest are discussed.
Introduction
Grape berry development involves a complex series of changes, which can be divided into three major phases (Salazar-Parra and others 2010). In Phase I, during initial berry growth, berry size increases along a sigmoid growth curve due to cell division and subsequent cell expansion. Organic acids (mainly malic and tartaric acids), proanthocyanidins, and hydroxycinnamic acids accumulate to peak levels. Phase II is characterized by a lag phase where cell expansion ceases and sugars begin to accumulate. Veraison (onset of ripening) marks the beginning of Phase III, in which berries undergo a second period of sigmoid growth, due to additional mesocarp cell expansion, accumulation of anthocyanin pigments for berry color and volatile compounds for aroma, softening, sugar accumulation (mainly glucose and fructose), and a decline in organic acid accumulation. Growth and ripening of grape berries are controlled by plant hormones (Davies and Böttcher 2009 ).
Grape berries are classified as a nonclimacteric fruit that accumulates abscisic acid (ABA) at the beginning of ripening, that is, at veraison (Antolín and others 2006; Deluc and others 2009; Wheeler and others 2009) . Moreover, other hormones such as polyamines (Baigorri and others 2001; Antolín and others 2008) , ethylene others 2004, 2008) , brassinosteroids (Symons and others 2006) , and auxins (Jeong and others 2004; Deytieux-Belleau and others 2007; Böttcher and others 2010a, b) seem to exert relevant roles during grapevine ripening.
Grapevine quality depends mainly on metabolite contents that are divided mainly into two types, that is, primary and secondary metabolites (reviewed by Ali and others 2010) . In grapevine berries, the primary metabolites include sugars, amino acids, amines, alcohols, and organic acids. Secondary metabolites include phenolics, flavonoids, and stilbenoids. Although nitrogen (N) compounds in wine are quantitatively second in importance relative to sugars as a nutrient for yeast, the N content is effectively the metabolic factor that determines the rate of wine fermentation (Treeby and others 1998; Herbert and others 2005) . Amino acids represent 30-40 % of the total wine N and contribute to wine aroma, taste, and appearance (Hernández-Orte and others 2003). Amines are organic nitrogenous bases of low molecular weight that are formed during metabolic processes in living organisms. In wine, amines are formed mainly during malolactic fermentation, although yeasts also synthesize them during alcoholic fermentation (Herbert and others 2005) . The amines have unpleasant effects at high concentrations, causing health risks to sensitive individuals (Ancín-Azpilicueta and others 2008).
Grapevine cultivation is traditionally nonirrigated (especially in Europe) and spreads widely across dry and semidry ecosystems. Water stress does not necessarily imply negative effects. Regulated water deficit, which is the basis of different agronomic practices, has been used mainly to achieve an appropriate balance between vegetative and reproductive development. A mild water stress, maintained through partial irrigation, may reduce grapevine vigor and competition for carbohydrates by growing tips, as well as promote a shift in the partition of photoassimilates toward reproductive tissues and secondary metabolites. These changes in plant metabolism by mild water stress may increase the quality of the fruit and the wine produced (Kennedy and others 2002) . Recent studies concerning the effects of water-deficit irrigation on berry constituents have paid much attention to its influence on secondary metabolites such as anthocyanins, flavonols, and catechins (Castellarin and others 2007; Ollé and others 2011) . However, there are still insufficient data on other metabolites that are also involved in berry and wine quality, such as amino acids and amines. It has been reported that N-compound profiles can change depending on grapevine cultivar, berry maturity, and tissue type (Stines and others 2000; Bell and Henschke 2005) . Information about the profiles of amino acids and amines in grapes subjected to sustained deficit irrigation is lacking.
Although much emphasis has been placed on the plant hormone ABA as a central constituent of the berry-ripening process, soil drying could modify levels of other hormones involved in berry development and ripening, and in fruit quality at harvest. Therefore, the aims of this study were (1) to investigate the influence of the main endogenous berry hormones on berry growth and ripening under a water-deficit irrigation regime and (2) to analyze the extent of the variations in fruit composition, specifically N-compound profiles, under water-limited conditions. The study was carried out with fruiting cuttings of Tempranillo, a widely grown variety in Spain for its high-quality red wines.
Materials and Methods

Plant Material
Previous research demonstrated that the fruiting cuttings technique is a useful model for grapevine physiology studies (Antolín and others 2010) and has been refined over the last few years (Salazar-Parra and others 2012a, b). It allows the development of vegetative (roots, leaves, and shoots) and reproductive (inflorescences and clusters) organs similar to the vineyard grapevines (Lebon and others 2005) but under fully controlled environmental conditions. Moreover, the chronology of flowering and fructification of the fruiting cuttings is similar to that of the vineyard-grown grapevines others 2005, 2008) . Dormant Vitis vinifera (L.) cuttings of cv. Tempranillo, 400-500 mm long and 15-20 mm in diameter, were selected in the winter of 2009. The cuttings were propagated by a technique that ensured that the formation of adventitious roots preceded bud burst using steps originally outlined in Mullins (1966) , with some modifications described in Ollat and others (1998) and Antolín and others (2010) . Cuttings were rooted in a heat-bed (25°C) inside a cool-room (5°C) for 30 days. Rooted cuttings were planted in 10 L plastic pots containing a soil-peat (1:1 v/v) potting mix. After rooting, cuttings were transferred to a greenhouse with a 25/20°C and 70/80 % RH (day/night) regime. They were illuminated for 15 h with natural daylight supplemented with high-pressure sodium lamps (SON-T Agro Phillips, Eindhoven, The Netherlands), providing a minimum photosynthetic photon flux density (PPFD) of 350 lmol m -2 s -1 at the level of the inflorescence. Bud-break took place after 1 week under these conditions. Careful control of vegetative growth before flowering improves the partitioning of stored carbon toward the roots and the reproductive structures.
Thus, only a single flowering stem was allowed to develop on each plant during growth. After berry set (end of May), growth conditions in the greenhouse were changed to a 25/15°C and 60/80 % RH (day/night) regime with a PPFD of 600 lmol m -2 s -1 at the level of inflorescence. A proper nutrient solution provided mineral nutrition in accordance with viticulture requirements (Ollat and others 1998) .
Samples berries were collected at three stages of development: (1) pea size, corresponding to berries 7 mm in diameter [Eichhorn and Lorenz (E-L) growth stage 31] (Coombe 1995) [27 days after anthesis (DAA) for the two water treatments]; (2) onset of veraison corresponding to berries that began to color and enlarge (approximately 9°Brix) (E-L growth stage 35) (60 and 65 DAA for water deficit and well-watered treatments, respectively); and (3) harvest corresponding to commercially ripe berries (approximately 22°Brix) (E-L growth stage 38) (100 and 105 DAA in well-watered and water-deficit treatments, respectively). There were five plants for each treatment and sampling-time combination from two biological replicates.
Water Treatments
Two water management treatments were applied 11 DAA, at fruit set (E-L stage 27) (Coombe 1995) . In the control treatment, pots were maintained at 80 % of pot capacity. Water-deficit treatment plants received 50 % of the water given to control plants (sustained deficit irrigated, SDI). The resulting soil conditions during the experiments are shown in Fig. 1 . Soil water potential (W) was monitored using a granular matrix sensor (Watermark Soil Moisture Sensor, Irrometer Co, Riverside, CA, USA) placed within each pot. Pot capacity was previously assessed by determining the amount of water retained after allowing water to free drain through the holes at the bottom of the pot. The surface of the plant containers was covered with quartz stones during the experiments to avoid water loss due to evaporation. Watering was done by hand, providing a fixed volume of nutrient solution or deionized water so that the different treatments were supplied with the same amount of nutrients during water deficit.
Predawn leaf water potential (W pd ) was measured with a PMS pressure chamber (PMS Instrument Co., Corvallis, OR, USA) on five fully expanded leaves per treatment at each sampling date just prior to irrigation. Ten berries from each treatment were collected, weighed, and subsequently oven-dried at 80°C until constant mass was reached. Berry water content was calculated as 100 * (FM -DM)/FM, where FM is fresh matter and DM is dry matter. Ninety to 100 berries from each treatment (45-50 berries per biological replicate) were counted, weighed, and frozen at -80°C for further analysis.
Hydroalcoholic Extracts of Berries
Berry subsamples were homogenized using an Ultra Turrax grinder mixer (IKA, Staufen, Germany) at 5,5009g for 1 min. Thereafter, the homogenate (1 g) was transferred into a pretared centrifuge tube and 10 mL of 50 % v/v aqueous ethanol (pH 2.0) was added (Iland and others 2004) . Maceration was then allowed for 1 h in an ultrasonic bath (Bandelin, Berlin, Germany). The tube was then centrifuged at 2,3009g for 15 min (Sorvall RC 6 Plus, Du Pont, BH, Germany) and the supernatant was named as the extract. Hydroalcoholic extracts were used for the analysis of phenolic compounds, amino acids, biogenic amines, and ammonium ion.
Analysis of Phenolic Compounds
Hydroalcoholic extracts (2 mL) were directly fractionated by gel permeation chromatography (GPC) on a TOYO-PEARL Ò gel HP-50F column (Tosoh, Montgomeryville, PA, USA) using the method described by Guadalupe and others (2006) . A first fraction (F1) was eluted with ethanol/ water/trifluoroacetic acid (55:45:0.05 v/v/v) and a second fraction (F2) was recovered by elution with acetone/water (60:40 v/v). The two fractions were taken to dryness under vacuum and then the first fraction was used to quantify monomeric phenolics and the second one was used to determine the proanthocyanidin content. All samples were fractionated in duplicate.
Monomeric phenolic compounds in F1 fractions were analyzed by HPLC-DAD on an Agilent modular 1100 liquid chromatograph (Waldbronn, Germany) equipped with a G1313A injector, a G1311A HPLC quaternary pump, an online G1379A degasser, a G1316A oven, a G1315B photodiode array detector, and Agilent Chemstation software. A Kromasil 100-C18 reverse phase column (5-lm packing, 200 9 4.6 mm i.d.), protected with a guard column of the same material (Teknokroma, Barcelona, Spain) and thermoregulated at 30°C, was used. Individual phenolic compounds were identified by HPLC-MS. Anthocyanins, hydroxycinnamic acids, flavonols, and flavan-3-ols were determined as indicated by Guadalupe and Ayestarán (2008) and Fernández and others (2011) . Total proanthocyanidins were quantified in F2 fractions. The analysis of proanthocyanidin cleavage products was made after acidcatalysis in the presence of excess phloroglucinol. The proanthocyanidins were reacted in a solution of 0.1 N HCl in methanol, containing 50 g L -1 phloroglucinol and 10 g L -1 ascorbic acid, at 50°C for 20 min, and afterward combined with 5 volumes of 40 mM aqueous sodium acetate before analysis by reversed-phase HPLC using an aqueous acetic acid and methanol gradient (Kennedy and Jones 2001) . The column was an ACE HPLC (5 C18-HL) with a 5 lm particle size (250 mm 9 4.6 mm) protected by a guard column containing the same material. The total proanthocyanidin content was calculated as the sum of all the subunits: extension subunits (phloroglucinol adducts) and terminal subunits (catechin, epicatechin, and epicatechin-gallate). Each measurement was run in triplicate.
Analysis of Nitrogen Compounds
Aminoenone derivatives were obtained by reaction of borate buffer 1 M (pH 9), methanol, hydroalcoholic extract, internal standard (L-2-aminoadipic acid, 1 g L -1 ), and diethylethoxymethylenemalonate (DEEMM), as described by Gómez-Alonso and others (2007) . Chromatographic separation was performed in an ACE HPLC column (5 C18-HL) 5 lm particle size (250 mm 9 4.6 mm), temperature controlled at 16°C. In these conditions, 33 compounds were separated, identified, and quantified in a single injection: 24 amino acids, 9 biogenic amines, and ammonium ion. Target compounds were identified according to the retention times and UV-Vis spectral characteristics of the derivatives of the corresponding standards, and they were quantified using the internal standard method. Analyses were performed in triplicate.
Hormone Determinations in Berries
The abscisic acid (ABA), indole-3-acetic acid (IAA), salicylic acid (SA), and jasmonic acid (JA) content of the berries was analyzed by a HPLC coupled to a tandem mass spectrometer, as described in Durgbanshi and others (2005) and Montoliú and others (2009) . Briefly, frozen berries were ground to a fine powder with a prechilled mortar and a pestle and then 0.5 g of powdered tissue was extracted in ultrapure water using a tissue homogenizer (Ultra-Turrax). Before extraction, 5 lL of a mixture of internal standards, containing 100 ng of [ ]-JA, was added to assess recovery and matrix effects. After extraction and centrifugation, the pH of the supernatant was adjusted to 3.0 and partitioned twice against diethylether. The organic layers were combined and evaporated in a centrifuge vacuum evaporator (Jouan, Saint-Herblain, France). The dry residue was resuspended in a water:methanol (9:1) solution, filtered, and injected into a HPLC system (Alliance 2695, Waters Corp., Milford, MA, USA). Hormones were then separated in a reverse-phase Kromasil 100 C18 column (100 9 2.1 mm, 5 lm particle size) using methanol and ultrapure water, both of which were supplemented with glacial acetic acid to a concentration of 0.05 %. The mass spectrometer, a triple quadrupole (Quattro LC, Micromass Ltd., Manchester, UK), was operated in negative ionization electrospray mode, and plant hormones were detected according to their specific transitions using a multiresidue mass spectrometric method (Durgbanshi and others 2005) . Concentrations of each plant hormone were determined using calibration curves performed with known amounts of pure standard samples.
Yield and Fruit Quality
Bunches from each treatment type were weighed and all berries from each bunch were separated and weighed to obtain yield. Berries were weighed individually, mean berry weight was determined, and berries were separated into skin and flesh. Berry volume was calculated using the definition of a sphere (4/3pr 3 , where r is the radius of the sphere). Leaf area was measured with a portable area meter (model LI-3000, Li-Cor, Lincoln, NE, USA). A good correlation (r = 0.97) was obtained between the length of the main vein of the leaf and the leaf area using several leaves of the same cultivar. Total leaf area of each plant was calculated after measuring the length of the main vein in all leaves and applying the correlation formula as follows: leaf area = -4.65 ? (2.23 9 vein length) ? (0.96 9 vein length 2 ) (Salazar-Parra and others 2012b).
A sample of 25 berries was crushed to determine total soluble sugars, pH, and titratable acidity. Soluble solids percent was measured using a temperature-compensating refractometer (Zuzi model 315, Auxilab, Spain). Berry sugar content was expressed in°Brix. Must pH was measured with a pH meter (Crison Instruments, Barcelona, Spain) standardized to pH 7.0 and 4.0. Finally, titratable acidity was measured by titration with NaOH and expressed as g tartaric acid L -1 . Total polyphenols were analyzed by spectrophotometry, measuring UV absorption at 280 nm (Ribéreau-Gayon and others 1972), and expressed as mg of gallic acid.
Statistical Analysis
Data were submitted to a two-factor analysis of variance (ANOVA). Variance was related to the main treatments (berry stages and irrigation treatment) and to the interaction between them. Means ± standard errors (SE) were calculated, and when the F ratio was significant, least significant differences were evaluated by a Tukey t test, as found in the Statistical Package for the Social Sciences (SPSS) version 15.0 for Windows XP (SPSS Inc., Chicago, IL, USA). All values shown in the figures are means ± SE.
Results
Water Status, Yield, and Plant Growth
The different irrigation treatments imposed on Tempranillo grapevines caused significant differences in water status, as indicated by the decrease of leaf W pd measured in plants subjected to deficit irrigation (SDI) compared with wellirrigated plants (control) beyond pea size (Fig. 2a) . By contrast, no significant variations in berry water content were detected (Table 1) . Plants subjected to SDI had reduced vegetative growth, as shown by the marked decrease in leaf area, with the exception of the pea-size stage (Fig. 2b) . In well-watered plants, the leaf area-to-crop weight ratio was approximately 10-12 cm 2 g -1 (Fig. 2c ), close to optimal values (between 6.2 and 10 cm 2 g -1 ) of grapevine vigor reported by Smart and Robinson (2006) . However, this ratio decreased below the optimum in SDI plants at veraison and harvest (ca. 5.1 cm 2 g -1 ) (Fig. 2c ). Optimal irrigation resulted in significantly higher yield and bunch weight at harvest than under the SDI regime (Table 1 ). In the SDI treatment, plants had decreased yield and bunch weight, reaching 52 % of the values obtained for control grapevines. SDI, imposed at fruit set, also negatively affected berry weight, and berry volume reached 74 % of the levels of the control berries (Table 1) . By contrast, deficit irrigation produced a significant increase in the relative skin mass of SDI-treated berries (Table 1) .
Phenolic Compounds and Characteristics of Fruit
Analysis of grape must at harvest indicated some differences between the two water regimes assayed in this study (Table 1) . Thus, plants subjected to deficit irrigation (SDI) had a lower content of total soluble solids (°Brix) in comparison with control plants (Table 1) . Although no significant differences were detected in the content of total polyphenols (Table 1) , it was evident that the concentration of each family of phenolics differed according to the stage of reproductive development and water regime applied (Table 2) . Thus, a two-factorial ANOVA showed significant interaction between both factors for anthocyanins, flavonols, and catechins. In general, anthocyanins and flavonols accumulated at harvest, whereas hydroxycinnamic acids, catechins, and proanthocyanidins were higher at the peasize stage and then decreased (Table 2) . At the pea-size stage, SDI-treated berries had a lower content of catechins and proanthocyanidins than control berries (Table 2) . At harvest, water deficit reduced anthocyanin and flavonol concentrations (Table 2) .
Berry Hormonal Content
Abscisic acid (ABA), indole-3-acetic acid (IAA), salicylic acid (SA), and jasmonic acid (JA) contents in berries are shown in Fig. 3 . The highest concentration of ABA in berries was detected at the onset of veraison in both irrigation treatments, but this increase was more marked in the berries of control plants (Fig. 3a) . The IAA levels in berries of Tempranillo grapevines ranged from 0.05 to 0.35 nmol g -1 DM. The concentration of IAA in berries was highest at the pea-size stage, and then it abruptly decreased in both irrigation treatment plants (Fig. 3b) . However, at this stage, SDI berries had significantly lower IAA content than controls (Fig. 3b) . The concentration of salicylic acid (SA) in berries was distinctly affected by the development stage and water regime (Fig. 3c) . At pea size, SA concentration was higher in SDI plants than in wellwatered plants. By contrast, the SA level was higher in control berries than in SDI berries at the onset of veraison.
In well-watered berries, SA decreased only at harvest; nevertheless, in SDI berries, an abrupt decrease of SA concentration took place earlier than in control berries (at the onset of veraison). Finally, the concentration of jasmonic acid (JA) reached a maximum in young berries, after which it decreased markedly in both irrigation treatments (Fig. 3d) . Berries of SDI treatment plants had a higher JA level at pea size and at harvest than berries of well-watered plants.
Berry N Compounds
The total amino acid content in berries was highest at the pea-size stage, especially in SDI-treated plants, and it was diminished at the onset of veraison and harvest in both irrigation treatments (Fig. 4a) . The minimum concentration of amines was at the beginning of fruit ripening (veraison) in both treatments, but afterwards, SDI treatment exhibited significant accumulation of amines at harvest (Fig. 4b) . On the other hand, the ammonium concentration in berries was highest at the onset of veraison in both water regimes assayed (Fig. 4c) . In the SDI treatment, berries had low ammonium concentrations at the pea-size stage when compared with those well irrigated (Fig. 4c) .
Although no significant differences in total amino acid contents were found at harvest, individual amino acid composition differed according to the irrigation regime and stage of reproductive development. The main amino acids identified in Tempranillo berries were L-glutamine (GLN), L-asparagine (ASN), and, to a lesser extent, L-glutamic acid (GLU), L-aspartic acid (ASP), arginine (ARG), proline (PRO), hydroxyproline (HYP), and tryptophan (TRP) ( Table 3) . Thus, two-factorial ANOVA showed significant interaction between both factors for GLN, GLU, ASP, PRO, HYP, and TRP. Water deficit induced significant . Within each column, means followed by a different letter are significantly different (p \ 0.05) according to Tukey's test ns, **, and *** indicate nonsignificance or significance at 1 and 0.1 % probability levels, respectively accumulation of HYP and TRP at harvest and a decline in the concentration of GLU, ASP, and PRO in berries of SDI-treated plants.
Individual amine composition also differed according to irrigation regime and stage of reproductive development. The individual amines identified in berries of Tempranillo grapevines were spermidine (SPD), tyramine (TYR), putrescine (PUT), tryptamine (TRYP), cadaverine (CAD), phenylethylamine (PHETIL), and isoamilanine (ISOAMIL) (Table 4) . Thus, two-factorial ANOVA showed significant interaction between both factors for all analyzed amines. In control plants, the concentration of SPD, PUT, CAD, PHE-TIL, and ISOAMIL was significantly reduced throughout berry development. However, SDI plants showed the opposite trend because concentrations of TRYP, CAD, PHETIL, and ISOAMIL strongly increased from veraison to harvest.
Discussion
Plant hormones control growth and grape berry ripening (Davies and Böttcher 2009) . Previous research has identified ABA as a key hormone in the ripening process, a plant hormone that accumulates in the grape berry at the beginning of ripening ( others 2004, 2008) , and brassinosteroid (Symons and others 2006; Deluc and others 2007) metabolism was modified at the onset of veraison. Water stress was reported to alter mRNA expression patterns associated with hormone metabolism in grape berries (Deluc and others 2007; Grimplet and others 2009 ). All the above-mentioned changes in hormone metabolism should modify grape berry hormone endogenous levels. The endogenous levels of plant hormones in grape berries during ripening and their changes in response to water deprivation are, however, poorly known. This work focused on investigating this, searching for implications with respect to grape berry growth and phenolic and N-compounds composition. The present work dealt with changes in berry ABA, IAA, JA, and SA at different stages of growth and ripening (Fig. 3) . In general, hormonal levels were highly modified by SDI, especially at the peasize stage and at the onset of veraison (Fig. 3) .
Studies of ripening grapes revealed that complex hormonal signaling was activated at veraison time. It is well known that grape berries accumulate ABA at the beginning of ripening (veraison) others 2006, 2008; Wheeler and others 2009) , as observed in the present work in both irrigation regimes (Fig. 3a) . Transcripts and proteins linked to ABA biosynthesis have been found in ripening berries; they regulate various processes related to anthocyanins ( others 2006, 2008; Deluc and others 2009 ) grape berry ABA concentrations were reported in different grapevine cultivars. In the present study, a significant reduction of ABA concentration at veraison in SDI-treated berries was found (Fig. 3a) , which could lead to Developmental stage (D) *** *** *** *** *** *** *** *** Irrigation procedure (I) ns ns ** * ** ns *** * D 9 I ** ns *** *** ns *** *** *** Values represent means (n = 5) and are given in mg g -1
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. Within each column, means followed by a different letter are significantly different (p \ 0.05) according to Tukey's test ** and *** indicate significance at 1 and 0.1 % probability levels, respectively lower anthocyanin accumulation at harvest (Table 2) . Therefore, our data support a positive relationship between ABA accumulation at the beginning of veraison and anthocyanin levels at harvest time.
The importance of auxins for fruit set and subsequent growth is well established in different fruits, including grape berries (Zhang and others 2003) . Frequently, it has been reported that the level of auxins is high in the early fruit growth phase, after which it declines strongly, remaining low throughout the rest of berry development and reaching a minimum at harvest (Deytieux-Belleau and others 2007; Böttcher and others 2010a). A similar pattern was observed in the present work with Tempranillo (Fig. 3b) . The higher concentrations of IAA in young fruits may increase berry size due to increased cell size (Böttcher and others 2010b) . Water deficit reduced IAA concentration in berries at the pea-size stage (Fig. 3b) . Because higher levels of IAA in young berries coincide with the phase of rapid cell division after fruit set (McCarthy 2000) , it could be suggested that diminished levels of IAA in SDI-treated berries at the peasize stage may have contributed to low berry size (Table 1) .
Salicylic acid (SA) plays pivotal roles in regulating biotic and abiotic stress responses and plant developmental processes, including fruit ripening (Klessig and Malamy 1994) . It has been reported that exogenous SA application delays ripening by having an effect on softening, sugar content, or ethylene biosynthesis in different fruits (Asghari and Aghdam 2010) , including grape berries (Kraeva and others 1998) . Water deficit increased SA concentration in pea-sized berries, but at onset of veraison SA abruptly decreased (Fig. 3c) . Taking into account that SA application to grape berries at veraison induced the expression of key genes involved in phenolic biosynthesis (Wen and others 2005) , we propose that increased levels of endogenous SA in wellwatered plants during ripening might contribute to enhanced accumulation of anthocyanins and flavonols at harvest (Table 2) . With respect to anthocyanin accumulation, the SA effect would be similar to the ABA effect described above.
Although jasmonic acid (JA) was detected in plant fruits many years ago, its involvement in fruit development and/ or ripening is poorly understood (Peña-Cortés and others 2005). In grape berries, JA concentration decreased by 30 days after flowering and remained low throughout ripening (Kondo and Fukuda 2001) , similar to the pattern found in our study (Fig. 3d) . Water deficit caused higher JA levels at pea size and at harvest in berries of SDI grapevines than in those well watered, suggesting a possible role of this hormone in berry response to water stress. To our knowledge, there are no reports on the effect of water stress on the concentration of JA in grape berries.
Grape and ultimately wine N-containing metabolites influence quality components (Herbert and others 2005; Ali and others 2010) . In some cases, it has been reported that the total N concentration in grapes increases during ripening (Bell and Henschke 2005) . However, N concentration may decline toward the end of ripening, as occurred in other studies (Hilbert and others 2003) and in our experiment (Fig. 4a, c) . In grapes, amines come mainly from the decarboxylation of amino acids. It can be hypothesized that accumulation of amines (Fig. 4b) in berries of SDI-treated plants at harvest originated from amino acids present in berries at harvest (Fig. 4a) . Although there was not a significant difference between control and SDI-treated plants with respect to amino acids present in berries at harvest, there was a tendency for a decrease in SDI-treated plants (Fig. 4a) , and it should be noted that amine concentration is two orders of magnitude less than that of amino acids (Fig. 4a, b) . GLN is clearly the predominant amino acid present early in berry development (Table 3 ). This amino acid has been shown to be a major form of transported N present in the phloem sap of grapevine and is presumably transported to the berry via the phloem (Ghisi and others 1984; Loulakakis and RoubelakisAngelakis 2000) . After transport to the berry, GLN can act as a precursor for subsequent biosynthesis of other amino acids (such as PRO and HYP) and amines (such as SPD and PUT) via GLU. Water-deficit treatment altered the composition and concentrations of amino acids and amines in Tempranillo berries at harvest (Tables 3, 4) . Thus, ASP and GLU were decreased in SDI berries at harvest; this could be a result of an accumulation of CAD, SPD, and PUT (Table 4 ; Loulakakis and others 2009) at the expense of GLU. Low concentrations of amines are always present in grapes because some amines, especially polyamines (PUT, CAD, and SPD), are indispensable components of berries and are involved in their development (Baigorri and others 2001; Antolín and others 2008) . However, accumulation of other amines such as TYR and PHETIL could have undesirable effects on human health (Ancín-Azpilicueta and others 2008). The influence of water deficit on amine metabolism is poorly understood. Only Bover-Cid and others (2006) analyzed levels of amines in grapes and concluded that water stress in vineyards does not affect the amine content. By contrast, our data (Table 4 ) are in agreement with those of Coelho and others (2005) , who showed that the content of every amine increased in lettuce plants subjected to water stress. With respect to amines, our data indicate that all of them increased in berries of SDI-treated plants with respect to the controls at harvest, including those with undesirable effects on human health (TYR and PHETIL).
The above-described, SDI-mediated changes detected in grape berry growth and composition could lead to changes in wine sensory attributes. Thus, SDI in Tempranillo caused smaller berries with larger relative skin mass (Table 1) . McCarthy (2000) showed that smaller-sized berries subjected to post-flowering stress (as reported in the present work) were caused by reduced cell division. The higher relative skin mass in SDI-treated berries has been attributed to differential skin growth sensitivity of the exocarp and mesocarp (Roby and Matthews 2004) in terms of decreased activity of pectin methylesterase (Deytieux-Belleau and others 2008). For red wine grapes, some water deficit during the growing season is a powerful way to modify the amount of berry polyphenols and improve wine quality (Kennedy and others 2002; Chalmers and others 2010) . Reduction in berry growth usually leads to increased accumulation of total phenolics, particularly anthocyanins and catechins (Castellarin and others 2007; Intrigliolo and Castel 2010) , the effect being more accentuated for anthocyanins than for flavonols and proanthocyanidins (Kennedy and others 2002; Downey and others 2006; Ollé and others 2011) .
By contrast, our findings showed that imposition of SDI reduced concentrations of anthocyanins and flavonols (Table 2) . Similarly, Esteban and others (2001) reported that anthocyanin concentrations measured at harvest in Tempranillo were higher in irrigated than in nonirrigated grapevines. In most of the above-cited studies, water deficit was applied during a certain extent of ripening, whereas in our case SDI treatment was applied throughout the entire reproductive cycle, showing that the effects of water deficit on phenolic amounts vary according to the grapevine cultivar and timing of water restriction (Girona and others 2009; Basile and others 2011) . Because the observed increase in the relative skin mass of SDI berries (Table 1) did not lead to more concentrated skin constituents (data not shown), we can suggest that lower anthocyanin and flavonol concentrations of SDI treatment (Table 2) could be due to a reduction in their biosynthetic pathways. Supporting this observation, different proteomic and transcriptomic studies in berries from grapevines subjected to water stress have reported considerable changes on the metabolic pathways of secondary metabolites. Specifically, it has been reported that changes in anthocyanin and flavonol levels in water-deficit berries depend on the expression and activity of enzymes of the flavonoid pathway, including flavonol synthase, chalcone isomerase, leucoanthocyanidin reductase, and anthocyanidin reductase (Castellarin and others 2007; Deluc and others 2009; Grimplet and others 2009) .
SDI treatment also affected grapevine phenology because SDI-treated plants started veraison 5 days before well-irrigated plants, whereas maturity was reached 5 days later (see ''Material and Methods''). Also, SDI in grapevine reduced shoot growth, yield, the source (leaf area)-to-sink ratio, and fruit size (Table 1 ; Fig. 2b, c) . One interesting question is whether shoot growth inhibition in SDI plants might be attributed, at least in part, to decreased mineral supply (especially N) because, in a dry soil, uptake of nutrients becomes more difficult (Keller 2005) . SDI plants had only 40 % of pot capacity, and the soil water potential data (Fig. 1) suggest that the potting media was often quite dry. Furthermore, it is very difficult to uniformly wet the entire soil volume in the pot, particularly if applying only 40 % of the pot capacity. Thus, it seems possible that portions of the soil profile may well have remained dry, even after applying water, and the possibility that SDI plants may have limited nutrient uptake cannot be fully ruled out. However, plants did not develop deficiencyrelated symptoms during the whole experiment (monitored visually, not shown). Also, although the N compounds measured are minor with respect to the total N pool, concentrations were either similar or higher in berries from SDI plants, but never lower (Fig. 4) . On the other hand, inhibition of shoot growth in SDI plants might result from diminished photosynthetic capacity due to both marked reductions in net photosynthetic rates (see, for instance, Salazar-Parra and others 2012b) and drastic reduction in total leaf surface (Fig. 2b) , which also decreased the source-to-sink ratio below the optimum (Fig. 2c) . These changes could result in yield losses without any improvement in berry quality (Tables 1, 2; Chaves and others 2010). The drastic reduction of leaf-to-fruit ratio obtained in SDI grapevines could lead to decreased sugar loading to berries, as indicated by low berry soluble sugars at harvest (Table 1) . However, this dominant effect of leaf-to-fruit ratio on berry soluble sugars content is not clearly established (Santesteban and Royo 2006; Etchebarne and others 2010) .
In summary, this study showed that application of a sustained water deficit to grapevine cv. Tempranillo during fruit development and ripening produced a general alteration of hormonal status in berries, which was accompanied by a reduction in berry size (proposed to be mediated by IAA changes) and phenolic compounds (proposed to be mediated by ABA and SA) and an accumulation of amines at harvest (suggested to originate from decarboxylation of amino acids). This study provided evidence that waterdeficit irrigation during grapevine ripening altered berry hormonal content, decreased main phenolic accumulation, and changed berry N-compound profiles. This study was carried out in potted grapevines and therefore extrapolations to field-grown grapevines should be made with due caution. However, pot experiments enable optimal control of grapevine irrigation, which is necessary to assure that plants experience the required water stress. To our knowledge, this is the first study that reported effects of water-deficit irrigation on the main endogenous hormones involved in grape berry growth and ripening and their involvement in berry phenolic and N metabolism.
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